Intermedin (IMD) is a newly discovered peptide related to calcitonin gene-related peptide and adrenomedullin, and has been shown to reduce blood pressure and reactive oxygen species formation in vivo. In this study, we determined whether IMD exerts vascular and renal protection in DOCA-salt hypertensive rats by intravenous injection of adenovirus harboring the human IMD gene. Expression of human IMD was detected in the rat kidney via immunohistochemistry. IMD administration significantly lowered blood pressure, increased urine volume, and restored creatinine clearance. IMD also dramatically decreased superoxide formation and media thickness in the aorta. Vascular injury in the kidney was reduced by IMD gene delivery as evidenced by the prevention of glomerular and peritubular capillary loss. Moreover, IMD lessened morphological damage of the renal tubulointerstitium and reduced glomerular injury and hypertrophy. Attenuation of inflammatory cell accumulation in the kidney by IMD was accompanied by inhibition of p38MAPK activation and intercellular adhesion molecule 1 expression. In addition, IMD gene transfer resulted in a marked decline in myofibroblast and collagen accumulation in association with decreased transforming growth factor-␤1 levels. Furthermore, IMD increased nitric oxide excretion in the urine and lowered the amount of lipid peroxidation. These results demonstrate that IMD is a powerful renal protective agent with pleiotropic effects by preventing endothelial cell loss, kidney damage, inflammation, and fibrosis in hypertensive DOCA-salt rats via inhibition of oxidative stress and proinflammatory mediator pathways. gene therapy; inflammation; fibrosis INTERMEDIN (IMD; also known as adrenomedullin-2) is a newly discovered peptide that belongs to the calcitonin/calcitonin gene-related peptide (CGRP) family, which includes calcitonin, CGRP, amylin, and adrenomedullin (36, 40) . IMD is distributed in a wide variety of tissues, including brain, heart, and kidney (29, 38, 40) . Within the kidney, IMD is found in tubular cells of both the cortex and medulla, as well as endothelial cells of the glomerulus and vasa recta (39). Due to its expression in the hypothalamus, pituitary gland, and renal tubules, IMD is believed to be closely involved in the regulation of water-electrolyte balance and blood volume (1). Indeed, intravenous and intrarenal arterial infusion of IMD peptide in normotensive rats resulted in a decline in blood pressure and an increase in renal blood flow, urine flow, and sodium excretion in a dose-dependent manner (12, 13). IMD was also observed to have a vasodilatory effect in spontaneously hypertensive rats with high blood pressure (11). IMD elicits its biological actions via nonselective interaction with different combinations of calcitonin receptor-like receptor (CRLR) and the three receptor activity-modifying proteins (RAMPs) (36). Whereas CRLR is expressed ubiquitously in the body, RAMP1 and RAMP2 are detected predominately in the vasculature, and RAMP3 is mostly found in the kidney (20, 30, 33) . Stimulation of CRLR/ RAMP receptor complexes on the surface of endothelial cells elevates cAMP and nitric oxide (NO) formation and may provide a mechanism for IMD's actions on hypotension and vasodilation (1).
In this study, we determined whether IMD exerts vascular and renal protection in DOCA-salt hypertensive rats by intravenous injection of adenovirus harboring the human IMD gene. Expression of human IMD was detected in the rat kidney via immunohistochemistry. IMD administration significantly lowered blood pressure, increased urine volume, and restored creatinine clearance. IMD also dramatically decreased superoxide formation and media thickness in the aorta. Vascular injury in the kidney was reduced by IMD gene delivery as evidenced by the prevention of glomerular and peritubular capillary loss. Moreover, IMD lessened morphological damage of the renal tubulointerstitium and reduced glomerular injury and hypertrophy. Attenuation of inflammatory cell accumulation in the kidney by IMD was accompanied by inhibition of p38MAPK activation and intercellular adhesion molecule 1 expression. In addition, IMD gene transfer resulted in a marked decline in myofibroblast and collagen accumulation in association with decreased transforming growth factor-␤1 levels. Furthermore, IMD increased nitric oxide excretion in the urine and lowered the amount of lipid peroxidation. These results demonstrate that IMD is a powerful renal protective agent with pleiotropic effects by preventing endothelial cell loss, kidney damage, inflammation, and fibrosis in hypertensive DOCA-salt rats via inhibition of oxidative stress and proinflammatory mediator pathways. gene therapy; inflammation; fibrosis INTERMEDIN (IMD; also known as adrenomedullin-2) is a newly discovered peptide that belongs to the calcitonin/calcitonin gene-related peptide (CGRP) family, which includes calcitonin, CGRP, amylin, and adrenomedullin (36, 40) . IMD is distributed in a wide variety of tissues, including brain, heart, and kidney (29, 38, 40) . Within the kidney, IMD is found in tubular cells of both the cortex and medulla, as well as endothelial cells of the glomerulus and vasa recta (39) . Due to its expression in the hypothalamus, pituitary gland, and renal tubules, IMD is believed to be closely involved in the regulation of water-electrolyte balance and blood volume (1) . Indeed, intravenous and intrarenal arterial infusion of IMD peptide in normotensive rats resulted in a decline in blood pressure and an increase in renal blood flow, urine flow, and sodium excretion in a dose-dependent manner (12, 13) . IMD was also observed to have a vasodilatory effect in spontaneously hypertensive rats with high blood pressure (11) . IMD elicits its biological actions via nonselective interaction with different combinations of calcitonin receptor-like receptor (CRLR) and the three receptor activity-modifying proteins (RAMPs) (36) . Whereas CRLR is expressed ubiquitously in the body, RAMP1 and RAMP2 are detected predominately in the vasculature, and RAMP3 is mostly found in the kidney (20, 30, 33) . Stimulation of CRLR/ RAMP receptor complexes on the surface of endothelial cells elevates cAMP and nitric oxide (NO) formation and may provide a mechanism for IMD's actions on hypotension and vasodilation (1) .
It has been recently proposed that chronic hypoxia in the tubulointerstitium is the final common pathway to end-stage renal disease (31) . Severe tubulointerstitial damage is associated with peritubular capillary loss and rarefaction. Indeed, Iwazu et al. (17) demonstrated that peritubular capillary loss, which leads to a hypoxic environment, precedes the development of tubulointerstitial fibrosis in mineralocorticoid hypertensive rats. The deoxycorticosterone acetate (DOCA)-salt rat is an excellent model for the examination of vascular and renal injury in the hypertensive setting. The high blood pressure induced by DOCA-salt treatment leads to damage of the cardiovascular and renal systems, often characterized by endothelial dysfunction, kidney fibrosis, glomerulosclerosis, and renal hypertrophy (4, 32) . Kidney damage in DOCA-salt rats is accompanied by a significant increase in the production of reactive oxygen species (ROS), proinflammatory cytokines, and profibrotic factors (4, 17, 18, 42) . In the present study, we evaluated the protective effect of human IMD gene delivery on DOCA-salt-induced oxidative stress, inflammation, fibrosis, and vascular injury.
MATERIALS AND METHODS
Adenovirus preparation. Adenovirus was generated using plasmids generously supplied by Dr. M. Kay (Stanford University) according to a method previously described (28) . The plasmid DNA pShuttle was linearized by enzyme digestion at the SmaI site. A blunt-end CMV-IMD-pA fragment was obtained by excising the DNA from the pcDNA3.CMV-IMD-pA plasmid (graciously provided by S.-Y. T. Hsu, Stanford University) and ligated to the shuttle vector. The CMV-IMD-pA transcription unit was released from the shuttle vector by I-Ceu-I and PI-Sce-I sequentially. The shuttle insert was then ligated to the adenoviral genome backbone plasmid pAdHM4 cut with the same enzymes. The final construct, pAdHM4.CMV-IMD-4F2-pA, was digested by PacI to release the complete linear adenoviral DNA. The DNA was transiently transfected into 293 HEK cells using Effectene reagent (Qiagen, Valencia, CA) according to the manufacturer's direction. The resulting virus was serially passaged five times. 11 plaqueforming units of either Ad.Null or Ad.IMD (n ϭ 7 per group) one time via the tail vein 2 wk after the start of steroid/salt treatment. Rats in the sham group (n ϭ 7) were subcutaneously injected with sesame oil and provided with tap water. Two weeks after gene transfer, rats were anesthetized with a ketamine/xylazine cocktail. Kidneys and aortas were removed for morphological, histological, and biochemical analyses.
Blood pressure measurement and blood and urine parameters. Systolic blood pressure was measured by tail-cuff method as previously described (42) . Serum was collected on the day of death by cardiac puncture. Twenty-four-hour urine was collected from rats in metabolic cages 2 days before death. To eliminate contamination of urine samples, animals received only water during the 24-h collection period. Blood urea nitrogen, serum creatinine, and creatinine clearance were calculated as previously described (5) .
Morphological and histological analyses. Kidneys and aortas were fixed in 4% formaldehyde, dehydrated, and paraffin-embedded. Fourmicrometer-thick sections were subjected to hematoxylin and eosin (H&E), periodic acid-Schiff (PAS), silver, and Sirius red staining. Light microscopic morphological evaluation of glomeruli was conducted in a blinded fashion as previously reported (18) . At least 30 glomeruli per section were examined for the evaluation of glomerular lesions and hypertrophy. The severity of glomerular injury (characterized by glomerulosclerosis, glomerular necrosis, fibroid necrosis, and/or proliferative glomerular lesions) and glomerular hypertrophy was calculated semiquantitatively using a 0 to 3 scale (0, normal or almost normal; 1, mild; 2, moderate; 3, severe) for each glomerulus in PAS-stained or silver-stained slides, respectively. Cortical areas of kidney sections stained with Sirius red were analyzed for collagen fraction volume with an image analysis system (13) . Twenty fields without large vessels were randomly selected from each kidney section at a magnification of ϫ100. Collagen fraction volume was then calculated as percentage of stained area within a field using National Institutes of Health (NIH) image software. Aortic media thickness was measured by image analysis of H&E-stained sections at ϫ40 magnification. Three different areas of each aorta were measured and quantified using NIH image software, and the results were averaged (22) .
Immunohistochemical staining and quantitative analysis. Immunohistochemistry was performed using the Vectastain Universal Elite ABC Kit (Vector Laboratories, Burlingame, CA), following the supplied instructions. Kidney sections from paraffin-embedded tissue were incubated at 4°C overnight with primary antibodies against the monocyte/macrophage marker ED-1 (Chemicon, Temecula, CA), ␣-smooth muscle actin (␣-SMA; Sigma), endothelial cell-specific marker JG-12 (kindly provided by D. Kerjaschki, University of Vienna), 4-hydroxynonenal (4-HNE) adducts (Oxis International, Foster City, CA), and human IMD (Peptide Institute, Osaka, Japan). For ICAM-1 immunohistochemistry, kidneys were placed in OCT embedding medium (Tissue-Tek, Torrance, CA), cryosectioned, and incubated with primary antibody for 1 h as described previously (16) . After development, tissue sections were slightly counterstained with hematoxylin. The number of monocytes/macrophages within glomeruli was counted as positive staining for ED-1 in a blinded manner from 10 different fields of each section at ϫ200 magnification. Peritubular capillary rarefaction index was obtained from JG-12-stained slides by averaging the percentage of squares in 10 ϫ 10 grids Values are expressed as means Ϯ SE (n ϭ 5-6). IMD, intermedin; BP, blood pressure; CCr, creatinine clearance; UV, urine volume. *P Ͻ 0.05 vs. DOCA/Null. using at least 10 sequential fields at ϫ100 magnification as described previously (23) . The minimum possible capillary rarefaction index is 0, and the maximum score is 100; the latter would indicate a complete absence of JG-12-positive cells. Glomerular capillaries were identified by JG-12-positive staining, and glomerular capillary density was calculated as the number of capillaries per mm 2 using 15 glomeruli from each rat. JG-12 antibody was utilized for endothelial cell detection due to its low background and intense staining (21) .
Measurement of superoxide in aorta. Superoxide levels in aortas were determined by in situ and chemiluminescent methods (26, 37) . Aortic ring segments to be examined for in situ superoxide production were immediately placed in OCT embedding medium at the time of death and stored at Ϫ80°C until analysis. Aortic ring segments were cut into 30-m-thick sections and received topical application of the fluorescent dye hydroethidine (HE; 2 M), which is oxidized to ethidium in the presence of superoxide to produce red fluorescence. Slides were incubated in a light-protected humidified chamber at 37°C for 30 min. Images were obtained with a laser-scanning confocal microscope equipped with a krypton/argon laser. For the measurement of superoxide production by lucigenin-enhanced chemiluminescence, ring segments were placed in a polypropylene tube containing 1 ml PBS and lucigenin (5 M), and immediately placed in a TD20/20 luminometer (Turner Designs, Sunnyvale, CA). The relative light units (RLU) emitted were integrated for 8 min. Dark current readings (photomultiplier background signal) were automatically subtracted.
Background counts were determined from identically treated vesselfree preparations and subtracted from the readings obtained with vessels. Dry weights were obtained for each vascular segment to allow normalization of activity.
Measurement of TGF-␤1 and nitrate/nitrite levels. Renal tissue was homogenized in lysis buffer (10 mM Tris, pH 7.4, 100 mM NaCl, 1 mM EDTA, 20 mM Na 4P2O7, 2 mM Na3VO4, and 1% Triton X-100) containing 1:100 protease inhibitor cocktail (Sigma). Total (latent and active) TGF-␤1 protein levels in renal extracts were determined by ELISA (R&D Systems, Minneapolis, MN). Nitrate/nitrite levels (indicative of NO formation) in urine were measured by a fluorometric assay as previously described (27) .
Western blot analysis. Western blot analysis was performed using the cytosolic fraction of kidney extracts. Primary antibodies were used to detect 4-HNE protein adducts (Oxis International), with ␤-actin serving as a control, as well as total and phosphorylated forms of p38MAPK (Cell Signaling Technology, Beverly, MA). PVDF membranes were incubated with secondary antibody conjugated to LumiGLO chemiluminescent reagent. Chemiluminescence was detected using an ECL-Plus kit (Perkin Elmer Life Science, Boston, MA).
Statistical analysis. Data were analyzed using standard statistical methods and ANOVA followed by Fisher's PLSD and Bonferroni post hoc tests where appropriate. Group data are expressed as means Ϯ SE. Values of all parameters were considered significantly different at a value of P Ͻ 0.05. 
RESULTS

Expression of human IMD after adenovirus injection.
Human IMD was detected in the kidney by immunohistochemistry in rats injected with adenovirus carrying the human IMD gene (Fig. 1) . Positive human IMD immunostaining was identified in large blood vessels, capillaries, tubular cells, and interstitial cells of the kidney. Human IMD protein expression was not detected in control rats injected with Ad.Null.
Effect of IMD gene transfer on blood pressure and renal function in DOCA-salt rats. IMD gene delivery significantly reduced systolic blood pressure compared with rats receiving Ad.Null 1 wk after virus injection (Table 1 ). In addition, creatinine clearance was reduced in the DOCA/Null group, but restored in the animals receiving Ad.IMD. DOCA/Null rats had a higher urine volume compared with sham, and IMD gene delivery further increased this parameter twofold, indicating that IMD is a powerful diuretic. However, the increase in blood urea nitrogen and serum creatinine levels after 4 wk of DOCAsalt treatment was unaffected by IMD administration.
IMD gene delivery reduces aortic in situ superoxide production and media thickness. Superoxide production was dramatically increased in aortas of DOCA-salt rats receiving Ad.Null compared with sham, as determined by in situ fluorescence of HE ( Fig. 2A) .This was confirmed by measurement of superoxide levels in aortic segments using lucigenin-based chemiluminescence (Fig. 2C) . The results from both methods indicated that IMD significantly decreased superoxide levels compared with DOCA/Null animals. In addition, thoracic aorta media thickness of DOCA-salt rats injected with Ad.Null was found to be significantly increased compared with sham rats, but was inhibited by IMD gene delivery (Fig. 2, B and D) .
IMD gene transfer prevents glomerular and peritubular capillary loss. Immunohistochemical staining against JG-12
(an endothelial cell marker) was performed to examine the effect of DOCA-salt treatment on endothelial cell loss in the kidney. Rats in the DOCA/Null group had a markedly lower amount of capillaries in glomeruli compared with sham, but IMD gene transfer attenuated this effect (Fig. 3, A and C) . Furthermore, rats injected with Ad.IMD were observed to have reduced capillary rarefaction in the outer stripe of the medulla compared with rats receiving Ad.Null (Fig. 3B) ; quantitative analysis confirmed this result (Fig. 3D) . Prevention of endothelial cell loss in glomeruli and the tubulointerstitium by IMD may be attributed to its anti-oxidant activity in the vasculature.
IMD gene delivery protects against renal histological damage. The severity of kidney injury was investigated by examination of H&E-, PAS-, and silver-stained slides. DOCA-salt treatment resulted in substantial damage to kidneys in the Ad.Null group, as indicated by glomerular necrosis, sclerosis and hypertrophy, fibrinoid necrosis of arteries, protein casts, and cellular debris within tubular lumens (Fig. 4A) . Compared with the DOCA/Null group, rats receiving Ad.IMD had considerably less glomerular and tubulointerstitial lesions. Semiquantitative analysis of glomerular injury and hypertrophy by a scoring method verified these results (Fig. 4, B and C) . Kidneys of rats in the sham group were normal in appearance.
IMD gene delivery ameliorates renal inflammation and fibrosis.
To assess the effect of IMD on inflammation in the kidney, renal sections underwent immunohistochemical staining for several inflammatory markers. DOCA-salt treatment caused a marked elevation of ED-1-positive cells in the interstitium and glomeruli of the kidney, but IMD gene delivery significantly attenuated this effect; the amount of ED-1-positive cells in the sham group was negligible (Fig. 5A) . The number of monocytes/macrophages within glomeruli was counted to confirm this observation (Fig. 5B) . In addition, intense staining of ICAM-1 was observed in the tubulointerstitium, glomeruli, and around blood vessels of the DOCA/Null group, but dramatically reduced in rats injected with the IMD gene (Fig. 5A) . Western blot analysis indicated that DOCA-salt treatment increased phosphorylation of p38MAPK, but the effect was attenuated by IMD gene delivery (Fig. 5C) .
Kidney sections were immunostained for ␣-SMA to detect the presence of myofibroblasts and/or activated fibroblasts, cells that are characterized by the synthesis of large amounts of collagen and other extracellular matrix proteins. Whereas significant expression of ␣-SMA was detected in glomeruli and the tubulointerstitium of DOCA/Null rats, considerably less staining was found in the DOCA/IMD group (Fig. 6A) ; as expected, smooth muscle layers of blood vessels were positive for ␣-SMA. As determined by Sirius red staining, significant collagen accumulation was observed in glomeruli and the tubulointerstitial space of rats receiving Ad.Null, but was dramatically reduced in the DOCA/IMD group; minimal collagen staining was detected in sham rats (Fig. 6A) . Collagen fraction volume was calculated to confirm this result (Fig. 6B) . Moreover, DOCA-salt treatment caused a marked increase in total protein levels of the profibrotic cytokine TGF-␤1, but was notably diminished by IMD gene delivery (Fig. 6C) .
IMD gene transfer reduces 4-HNE adduct formation and increases nitrate/nitrite levels.
Immunostaining of the oxidative lipid 4-HNE showed that 4-HNE adducts were mainly found in injured glomeruli and vessels of the DOCA/Null group, whereas administration of IMD attenuated positive staining (Fig. 7A) . In addition, Western blot for 4-HNE indicated that the intensity of a 37-kDa band was significantly increased in the DOCA/Null compared with sham, but was dramatically diminished upon IMD gene transfer (Fig. 7B) . Therefore, while IMD decreased aortic superoxide formation, IMD similarly reduced renal lipid peroxidation. These results indicate an anti-oxidant action of IMD in the DOCA-salt rat. As NO is known to antagonize ROS formation, we measured nitrate/nitrite (NOx) content in urine samples. Urinary NOx levels were decreased approximately twofold in DOCA/Null rats compared with the sham group, but IMD gene transfer restored NOx excretion (Fig. 7C) .
DISCUSSION
This study demonstrates, for the first time, that IMD via gene delivery offers a broad protective role against renal and vascular damage in a setting of malignant hypertension and its sequelae. Renal expression of human IMD after adenovirusmediated gene transfer caused significant prevention of capillary loss, in addition to reduction of tubulointerstitial and glomerular injury, inflammation, and extracellular matrix deposition. These effects occurred in conjunction with increased NO excretion and inhibition of lipid peroxidation as well as proinflammatory and profibrotic factor expression in the kidney. Collectively, these findings indicate that IMD administration can inhibit oxidative stress in the blood vessel and kidney, and thus protect against vascular injury, renal inflammation, and fibrosis in the DOCA-salt hypertensive rat.
Tubulointerstitial damage can be a result of hypertension, development of oxidative stress, and elevation of vasoconstrictive substances, all of which are evident in the DOCA-salt animal model. It has been previously demonstrated that IMD administration induces a hypotensive response in both normotensive and hypertensive rats (11) (12) (13) . Although we found IMD to decrease blood pressure in DOCA-salt rats, accompanied by a potent diuretic action, it is possible that reduction of blood pressure alone is not solely responsible for the renal protective effects observed. Indeed, Dworkin et al. (10) reported that blood pressure decline offered no histological protection in DOCA-salt hypertensive rats. Furthermore, a recent study showed that suppression of NF-B activity was found to be protective against renal inflammation and fibrosis with no effect on the development of hypertension (16) . Therefore, it is highly likely that IMD has some organ protective actions independent of blood pressure reduction.
Augmented renal and vascular ROS formation has been identified in mineralocorticoid hypertensive rats, as well as other animal models of hypertension, and may contribute to kidney damage, inflammation, and increased NF-B activity (2, 3, 18, 24) . In DOCA-salt rats, elevated p22phox expression and NADH oxidase activity have been shown to be responsible for the rise in aortic superoxide production (2, 41) . This increase in ROS levels can promote vascular smooth muscle cell proliferation, consequently leading to arterial media thickness (9, 14) . In the current study, we found that IMD had the ability to lower superoxide content in the aorta and thus alleviate aortic blood vessel stiffening. Moreover, we detected reduced lipid peroxidation (a marker of oxidative stress) in the kidney and increased urinary NO excretion in DOCA-salt rats receiving the IMD gene. Previous studies reported that IMD can stimulate the NOS/NO pathway in rat aortas as well as reduce oxidative stress and improve cell viability in cultured endothelial cells in association with NO formation (7, 43) . Taken together, the data suggest that the anti-oxidant property of IMD is mediated by NO. Since oxidative stress has a profound effect on endothelial cell apoptosis and the development of renal inflammation and fibrosis, attenuation of ROS formation by IMD through NO formation could therefore play a protective role against capillary loss and chronic kidney disease.
It was recently demonstrated that peritubular capillary rarefaction precedes the development of renal fibrosis in DOCAsalt rats (17) . The deficiency of peritubular and glomerular capillaries subjects the kidney to a hypoxic environment. The low oxygen setting in turn provokes tubular cell apoptosis and epithelial-mesenchymal transition, thus contributing to renal tissue damage, inflammation, and fibrosis. In the present study, severe renal morphological injury was evident in DOCA-salt rats receiving empty virus injection, as indicated by glomerular sclerosis, glomerular hypertrophy, inflammatory cell infiltration, fibrosis, and renal capillary loss. IMD gene delivery prevented glomerular capillary loss and reduced capillary rarefaction in the outer medulla, a region of the kidney that is particularly prone to hypoxic stress (35) . In addition, IMD caused a marked attenuation of renal interstitial and glomerular damage, inflammation, myofibroblast accumulation, and extracellular matrix deposition.
Vascular inflammation and injury appear to have a vital role in contributing to kidney damage, as Henke et al. (16) showed that suppression of NF-B in the endothelium modulates renal inflammation and fibrosis. NF-B is a transcription factor that, when activated, triggers upregulation of proinflammatory gene expression (15, 25) . It has been found that p38MAPK is required for NF-B-dependent gene transcription and is essential in mediating the inflammatory response (6, 34) . One of the target genes of NF-B is ICAM-1, a cell adhesion molecule that recruits inflammatory cells to sites of tissue damage. In our study, we observed significant monocyte/macrophage accumu- lation in the kidney as well as intense immunostaining of ICAM-1 in glomeruli and throughout the tubulointerstitium of DOCA-salt-treated rats. These findings were associated with an increase in phosphorylation of p38MAPK. IMD gene delivery, however, significantly inhibited p38MAPK phosphorylation, ICAM-1 expression, and inflammatory cell infiltration, indicating that IMD has a protective role against renal inflammation in the DOCA-salt rat model of kidney injury.
The inhibition of inflammation by IMD may lead to the prevention of renal fibrosis since macrophages produce profibrotic molecules, such as TGF-␤1. TGF-␤1 can also be generated from proximal tubular cells via direct cell contact between monocytes and ICAM-1 expressed on the tubular cell surface (45) . This increase in renal TGF-␤1 levels can result in the formation and accumulation of ␣-SMA-positive myofibroblasts via epithelial-mesenchymal transition and/or fibroblast activation (19) . In our study, a large population of myofibroblasts was present in DOCA-salt rats. This observation corresponded with a significant increase in collagen fraction volume and TGF-␤1 levels in the kidney. However, gene transfer of IMD remarkably diminished these effects. It is possible that the reduction of the fibrotic response of DOCA-salt treatment by IMD is due to IMD's capacity to increase NO bioavailability, as NO has been reported to inhibit TGF-␤1 expression in kidney cells (8, 44) . Moreover, since TGF-␤1 is strongly upregulated by ROS, the reduction in oxidative stress by IMD could prevent the synthesis of TGF-␤1.
In conclusion, this study elucidates an important protective role for IMD in the prevention of hypertension-induced renal and vascular injury. Further investigation of the properties of this peptide could reveal considerable therapeutic value for IMD in organ disease treatment. 
